High-frequency gravity waves generated by convective storms likely play an important role in the general circulation of the middle atmosphere. Yet little is known about waves from this source. This work utilizes a fully compressible, nonlinear, numerical, two-dimensional simulation of a midlatitude squall line to study vertically propagating waves generated by deep convection. The model includes a deep stratosphere layer with high enough resolution to characterize the wave motions at these altitudes. A spectral analysis of the stratospheric waves provides an understanding of the necessary characteristics of the spectrum for future studies of their effects on the middle atmosphere in realistic mean wind scenarios. The wave spectrum also displays specific characteristics that point to the physical mechanisms within the storm responsible for their forcing. Understanding these forcing mechanisms and the properties of the storm and atmosphere that control them are crucial first steps toward developing a parameterization of waves from this source. The simulation also provides a description of some observable signatures of convectively generated waves, which may promote observational verification of these results and help tie any such observations to their convective source.
Introduction
Vertically propagating gravity waves are known to have a profound effect on the structure and circulation of the middle atmosphere.
Gravity wave drag and diffusion, for example, are fundamental in reconciling middle atmosphere heating rates with observed zonalmean winds and temperatures (Holton 1983 ) and play an important role in determining chemical composition in the mesosphere (Garcia and Solomon 1985) . In addition, gravity wave drag may drive the semiannual oscillation observed near the equatorial mesopause (Dunkerton 1982) and may contribute to the forcing of the quasi-biennial oscillation (Takahashi and Boville 1992) .
The zonal-mean effects described above have been deduced from parameterizations using crude assumptions about the characteristic scales and phase speeds of the gravity wave spectrum and employ empirical "efficiency factors" to account for assumed irregularities in the temporal and spatial distributions of wave activity. Three-dimensional general circulation models (GCMs) are, however, sensitive to the details of the geographical and temporal distributions of wave activity and so require a more detailed description of the gravity waves and their sources. Fairly successful parameterizations of orographically forced gravity waves
Corresponding author address: Dr. M. Joan Alexander, Department of Atmospheric Sciences, AK-40, University of Washington, Seattle, WA 98195. meeting these new requirements have been developed by McFarlane ( 1987 ) , Palmer et al. (1986) , and Bacmeister ( 1993 ) . However other important gravity wave sources--convection, shear, fronts, and geostrophic adjustment--are too poorly understood to be easily parameterized in this way, although one attempt has been made to include these effects in a GCM (Rind et ai. 1988) .
Convective activity in particular is ubiquitous, and observations suggest it to be at least equally as important as topographic forcing (Fritts and Nastrom 1992) and possibly the most important source in the Tropics and Southern
Hemisphere. Although gravity wave power spectra derived from observations display the dominance of long-period planetary-scale waves, it is the high-frequency waves that carry much of the energy and momentum fluxes (Fritts and Vincent 1987; Bergman and Salby 1994) and may be the most important for propagation to mesospheric altitudes. This underscores the need to include nonstationary waves from sources like convective activity in global models. The forcing mechanisms responsible for generating vertically propagating waves in convective clouds are not well understood. Fovell et al. (1992, hereafter FDH) demonstrated the "mechanical oscillator effect," oscillating updrafts and downdrafts impinging on the tropopause, as a mechanism for generating highfrequency waves in multicell storms. Convective turrets penetrating into an overlying shear layer can also excite waves in a process analogous to orographic forcing. Pfister et al. (1993b) explained wind variations above a convective turret with a model of a slowly movingtransient obstacle in a meanwind,similarto themechanical oscillator effect;butthis disturbance wasmuchlargerin scalethanconsidered here. Wave excitation byatransient orsteady heat source inastratifiedatmosphere is another forcingmechanism (Pandyaet al. 1993; Nichollsetal. 1991; Lin andSmith 1986) , andcertain aspects of thisproblem canbedescribed via simpleanalytical models. Understanding thewaveforcingmechanisms activein convection, as wellastheproperties of thestorm andatmosphere that control thewavecharacteristics, arecrucial steps towarddeveloping aparameterization of theirglobal effectsonthemiddle atmosphere.
To beginto characterize waves generated by deep convection, weutilizea numerical mesoscale simulationofasquall linewithadeep stratospheric layer and highenough spatial andtemporal resolution toresolve thegravitywavemotions. Themodel is two-dimensional andutilizes amidlatitude thermodynamic soundingandstratospheric winds thatareconstant in height. Although these specific features of themodel arenot themost general, anunderstanding ofthewave forcing mechanisms andtheparameters responsible forshaping thecharacteristics ofthegravitywave response canpotentially beapplied tothemuch moregeneral problem ofwaves forced bydeep convection asit occurs around theglobe. Withthetoolsofspectral analysis, wecharacterize thestratospheric waves produced in thesimulation. Wethenexamine thespectral properties of the stratospheric waves usingthelinear gravitywavedispersion relation coupled toknowledge oftheproperties of thestormmotions torelate thewavecharacteristics to theforcingmechanisms activein thetroposphere. These results providea coherent picture of thewave forcing-response relationships andallowusto make somegeneral statements regarding gravitywaves forced bydeep convection.
A fewobservations ofstratospheric waves generated byconvection existin theliterature, butnone provide ageneral description ofwaves fromthissource. Larsen et al. (1982) observed stratospheric wavemotions above convection andonlywhen cloudheights reached thelevel ofthetropopause. Inthecase theyhighlighted, ahigh-frequency wavewitha period of6 minandverticalwavelength of7 kmwasobserved. TheMUradar observations in Sato(1993)findstrongshort-period gravitywaves withhighaspect ratios(k/m_ I ) inthe stratosphere above deep convection before thepassage ofatyphoon. VHFradar windobservations inLuetal. (1984) showed significant enhancements in variance associated with thunderstorms at periods between 10 minand6 h in thetroposphere butnotatstratospheric levels. Pfister et al. (1986 Pfister et al. ( ,1993a utilizedaircraft measurements in the tropical lowerstratosphere to identifylarge amplitude wave features, associated with outbreaks of convection, withhorizontal wavelengths in the5-110kmrange. Thisimportant workcharacterizedspecific wavefeatures in a fewcasestudies, though nogeneral or spectral descriptions of convectivelygenerated waveshaveyetemerged fromsuch observations. Radarwind profilermeasurements of Balsley etal.(!988)revealed asignature ofdownward vertical windsnearthetropopause duringperiods of heavy rainfall. Although theoriginofthisfeature isstill being debated, ourresults relate thisobserved structure inthewindprofile toapersistent low-frequency gravity wavemotion in ournumerical simulation. Inaddition, ourresults predict other characteristic features of convectively generated gravitywaves thatmaybeobservablebyground-based radar. Future workwill focus on theeffects ofmomentum andenergy transport by convectively generated waves onthemiddleatmosphere. In thispaper, weseek to relate thestratospheric waves to theirtropospheric forcingmechanisms andto describe observable characteristics ofwaves generated by convection forthepurpose of stimulating verification oftheresults viaobservation.
An overview ofthesquall linesimulation followsin section 2,aswell asa moredetailed lookat some of the stormorganization characteristics in the troposphere. Section 3describes thespectral analysis results. In section 4,a coherent physical interpretation of the results of thespectral analysis is developed. Usingthe linear dispersion relation forinternal gravitywaves, the characteristics of thestratospheric wavefieldaredescribed andrelated to specifictropospheric forcing mechanisms. A discussion of therelationship between thenature of theforcingandsome fundamental propertiesof thestormfollowsin section 5 andprovides someinsight intothegenerality of these results asa model of wavegeneration by deep convection. Some predicted observables ofthewave characteristics inthe model arealsohighlighted, aswellasa description of future worknecessary totest thegenerality of theconclusions.
The squall line simulation a. General model description
The squall line simulation discussed in this paper is very similar to work described in Fovell et al. (1992) and Holton and Dun'an (1993) . We will briefly summarize the model characteristics and point out differences from this previous work where appropriate.
The model is a two-dimensional simulation of a long-lived squall line utilizing the midlatitude tropospheric sounding of Weisman and Klemp (1982) . This sounding is conditionally unstable and produces steady convection following initiation with a 2 K warm bubble near the surface. The model domain size is 840 km in the horizontal and 32 km in the vertical. Horizontal resolution is constant at 1.5 km, and vertical resolution varies with height from 0,5 km near the surface to 0.2 km at the upper boundary in the middle stratosphere. Durran et al. (1993) describe the efficacy of this lateral boundary condition for cloud models. The upper-boundary radiation condition is that used in Holton and Durran (1993) and described in detail in Durran (1994 ( 1983 ) . The governing equations are described in FDH.
The basic state is the same as the FDH case S (0) and is plotted in Fig. 1 however, the factors determining that frequency are not well understood.
The oscillation in the present simulation will be described in more detail in section 4. The frequency of this oscillation will be shown to determine the characteristics of a certain fraction of the stratospheric waves produced in the model.
b. Observable signatures of the convectively generated wave field
The structure of the time-averaged wind shown in MU radar observations reported in Sato (1993) also reveal strikingly similar observations of the vertical velocity field above the strong convective updraft within Typhoon Kelly. Our convection simulation resolves this downdraft feature both in time and space and provides the relationship of the vertical velocity to other dynamically important fields. In Fig. 3 , it can be seen that the downdraft is associated with eastward horizontal velocity perturbations. 
Autocorrelation
of the vertical velocity, w(x) at z = 11.2 kin, averaged over the half-hour period of hours 5.9-6.4, reveals a 12-km horizontal wavelength signature (Fig. 7, solid line ) . This time period was chosen because the feature is fairly unperturbed by the weaker storm oscillations during this period. Cross correlation of w(x) and the potential temperature O(x) in the same period reveals these to be highly correlated and exactly 1/4 wavelength out of phase (Fig. 7, dashed line) . The relationships of the w, 0, and u fields suggest the downdraft is simply a characteristic of a gravity wave motion. The forcing mechanism is likely related to convective updraft penetration above the level of neutral buoyancy. This low-frequency wave in the upper troposphere may be a signature of long-lived deep convection that penetrates to levels near the tropopause. In the stratosphere, a second observable feature of the storm-generated gravity waves is the asymmetry in the momentum flux east and west of the center of the storm. This can be thought of as a natural consequence of the storm center ultimately being the energy source for all the waves. Wave momentum flux pou 'w' is negative everywhere west of storm center and positive everywhere east of storm center. This is demonstrated in The main updraft within the storm cloud, as well as the propagating convective cells, are fueled by latent heating and are largely confined to the troposphere below the level of neutral buoyancy.
Above the tropopause, motions are predominantly associated with freely vertically propagating waves. We therefore split the analysis of the model domain at the tropopause, which can be thought of as a separation of the forcing region below and response region above, for vertically propagating waves generated by convection. The analysis of the stratospheric portion of the simulation is further split into two halves, west and east of storm center. This separation approximates the separation of the wave field into westward (rearward) and eastward (forward) propagating waves ( see Fig. 8 ). The averaging allows comparison of these results with spectra in horizontal wavenumber and frequency over the same domain in (x, z, t) and also reduces the variance associated with the statistical uncertainty in the PSD estimate, so that the standard deviation is reduced to 0.6%.
In the absence of vertical shear of the mean wind, the amplitudes of the perturbation fields (e.g., vertical velocity) in linear gravity waves vary with altitude as the inverse square root of the basic-state density field. To correct for this effect, before computing the spectrum, amplitudes are first normalized by division of the exponential growth rate factor, exp [ (z -zo)/2H] with z_) = 13 km and H = 7 kin. This prevents biasing the results toward the spectral properties at the highest altitudes. The spectral magnitudes then represent wave amplitudes at the 13-km altitude.
(Note that the removal of this vertical growth rate has little effect on the shape of the resulting spectrum but, primarily, reduces only the magnitude. Normalization to 13 km produces a spectrum that can be used in subsequent analyses to study linear propagation to greater heights.) Frequency spectra are similarly computed at each spatial position for the interval 3-7 h of simulation time resolving waves with periods between 4 min and 4 h. Spectra are then averaged in x (maintaining the west-east distinction) and in z (first normalizing to z = 13 km with the square of the above exponential growth rate factor). The averaging reduces the uncertainty in the resulting spectral estimates to 0.7%. Horizontal wavenumber spectra are computed at each altitude and each time over a 384-km interval west and then east of storm center, resolving horizontal wavelengths between 3 and 384 km. Averaging in t and z as described above reduces the uncertainty in the spectral estimates to 1.0%. Spectra in two dimensions can also be computed from the squall line simulation results. As will be seen in section 3b, resolution of the stratospheric waves only warrants this for the (x, t) --* (k, w) domains. Twodimensional spectra are computed at each altitude level in the 13-32-km altitude range of the model and then averaged as described for the one-dimensional to and k spectra, reducing the uncertainty in the PSD estimate to I1%.
b. Results of the spectral analysis of the vertical velocity field
The following analysis of the vertical velocity field w(x, z, t) from the squall line simulation provides a description of the stratospheric wave field in terms of vertical wavenumber, frequency, and horizontal wavenumber. Spectra of the vertical velocity can be related most directly to the spectral properties of the forcing region, which is characterized best by the strong ver- The PSD of the stratospheric wave field as a function of vertical wavenumber m is shown in Fig. 9 . Spectra lor the western and eastern halves of the domain are plotted separately.
The spectra show a dominant scale of 6-10 km (m -I -1.7 × 10-4 Cy m ' ), with power falling off steeply at larger wavenumbers tollowing a power law proportional to m -4 or m _. These wavelengths are comparable to the total depth of the troposphere (12 km) in this midlatitude simulation. The shorter wavelengths (<5 km) are nearly absent in the spectrum in Fig. 9 , and this property may serve as a signature of waves forced by deep convection. Radar observations of the stratosphere have typically either not resolved waves with vertical wavelengths as large as 10 km, or have filtered these longer vertical scales from their data prior to analysis (e.g., Dewan et al. 1984; Fritts et al. 1988) . At a vertical wavelength of I km, we can compare the model's stratospheric wave PSD to observations of Dewan et al. (1984) , where power spectra of horizontal velocity were determined from rocket smoke trails. PSD in the horizontal velocity field from the simulation at similar heights (not shown) Fig. 9 because of the limited depth of stratosphere in the model (z _ 13-32 km), so the vertical wavelength spectrum does not give much detailed information about the diversity among the stratospheric waves. The spectrum cannot be directly related to an intrinsic zonal phase speed (c,) spectrum via the hydrostatic relation c, = N/m because, as will be shown later, much of the spectral power lies in the nonhydrostatic regime.
The vertical wavenumber spectra also illustrate the dominance of waves propagating westward relative to the storm, as described in previous work (Foveil et al. 1992; Holton and Durran 1993 ) . The integrated power in the westward propagating spectrum is a factor of 2 larger than the integrated eastward spectrum. Time loops of the simulation also reveal that the eastward propagating waves in the domain are all forced at early times in the simulation, while conspicuously absent in the near field in the mature squall line (see Figs. 2 and 8).
2) HORIZONTAL WAVENUMBER SPECTRA Figure 10 shows the stratospheric domain-averaged power spectra of vertical velocity as a function of horizontal wavenumber k. These power spectra refer to an altitude of 13 km and represent an average over the same region of (x, z, t) as the spectra in Fig. 9 . Spectra for regions west and east of the storm center have again been computed separately.
Note that similar spectra of the horizontal velocity field (not shown) are comparable or larger in magnitude to observations published in Jasperson et al. (1990) at wavelengths longer than --10 km. The Jasperson et al. spectra were derived from aircraft measurements during the Global Atmospheric Sampling Program at altitudes just above the tropopause at about 13 km. The spectra in Fig. 10 show a dominance of waves with horizontal scales between 10 and 100 km that are well resolved in our model. The power spectrum of westward waves is remarkably fiat over this interval. Eastward waves are relatively lacking in the shorter wavelengths.
A line proportional to k 5z3is also plotted for reference.
The Jasperson et al. spectra follow the k-S/_ power law over a range of wavelengths from --3 to 200 km. Comparatively, our spectra of waves generated in the squall line simulations display an absence of power at the long-wavelength end of this range. At the short-wavelength end ( <9 km) of the spectrum in Fig. 10 (1993) let S = 0.015, which as earlier noted strongly damps wavelengths less than 20 km. In this study S = 0.005, which is large enough to prevent spurious growth of the 2Ax and 4Ax waves but does not significantly damp waves longer than l0 km. The 10-20-km horizontal scale is an important one since convective cell structures often organize in this range (e.g., Houze 1993). In a simulation in which the smoothing coefficient was reduced to S = 0.002, there was little change in power for hA > l0 kin, but in this case the shortest scales were not sufficiently damped to prevent numerical instability. The numerical smoothing then provides the true horizontal resolution limit in the squall line simulation, so that only waves with wavelengths greater than l0 km can be accurately represented. Changes to the vertical smoothing coefficient, on the other hand, had little effect on the simulation results.
3) FREQUENCY

SPECTRA
The stratospheric domain-averaged power spectral density versus intrinsic frequency w is shown in Fig.  I storm-relative frequencies but would appear transient in the ground frame and might have significant variance.) The differences between spectra for the eastward and westward waves are most striking at the higher frequencies, where the east spectrum shows an absence of power at frequencies higher than 1 × 10 3 Cy s 1. Such high frequency waves with eastward storm-relative phase speeds are simply not being forced in the mature storm model. This result is in accord with FDH, if the high-frequency waves are tied to a mechanical pumping/forcing mechanism. Although the total integrated power over the full stratospheric domain only differs by a factor of 2 between east and west, the highfrequency waves carry a disproportionate share of the vertical momentum and energy fluxes. So the westward propagating waves in the simulation are more likely to have an impact on the upper stratosphere and mesosphere. The precipitous drop in power at frequencies higher than 2.4 x 10 -3 Cy s -_ (-7 min) in the westward spectrum is probably related to the numerical illtering of the short horizontal scales and the weak time filter in the model. In the ground relative frame, the intrinsic periods in Fig. 11 translate to ground relative periods from -6 min to the 4-h limit of our analysis.
4) TWO-DIMENSIONAL POWER SPECTRA
The power spectra of the westward-propagating waves in Figs. l0 and 1 l show that the stratospheric waves are well enough resolved in the horizontal wavenumber and frequency domains to derive the two-dimensional spectrum shown in Fig. 12 . Regions of high power denote the a;-k relationships for a given wave mode. The two-dimensional spectrum contains the same information as the two one-dimensional spectra but also provides a crucial link between wavenumber and frequency.
With the linear dispersion relation for internal gravity waves, the _-k relationships can also be related to the important characteristics of vertical wavenumber, phase speed, and group velocity of the stratospheric waves. Figure 12 is limited at low power by the noise in the PSD estimate, which is -11%. Power is plotted as log(PSD), and the contrast is enhanced to de-emphasize the noise. Focusing on the bright regions with PSD/> 10 _ m 2 S -2 (Cy/m) _ (Cy/ s)-_, patterns are evident that can be explained in the physical context of the wave-forcing mechanisms in the following section. Figure 12 appears blurred for several reasons: (i) the spectral leakage (noise) in the PSD estimate, (ii) the finite resolution limits associated with the limited domain size in x and t (Ak = .02 × 10 4 Cy m-_; Aw = .06 × 10 -3 Cy s-_), and (iii) the true variability in the wave field during the course of the simulation resulting from the nonstationarity of the wave forcing in the troposphere.
Physical interpretation of the wave spectrum
The regions of highest power in the two-dimensional spectrum in Fig. 12 show organization along preferred lines and curves in the _-k domain. These can be described in terms of certain fundamental wave characteristics via the linear dispersion relation for internal gravity waves:
the sign depending on whether the waves propagate toward the east or west. Here, w is the intrinsic frequency, k and m are the horizontal and vertical wavenumbers, respectively, and N is the buoyancy frequency, which is approximately 3.3 x 10 _ Cy s ' throughout the stratosphere.
From this relation, relevant wave characteristics such as vertical wavenumber, phase speed, and group velocity can be found for a given (w, k) pair. Thus, these relevant quantities are uniquely defined at each point in the two-dimensional spectrum in Fig. 12 .
In Fig. 13 , curves corresponding to three different values of the vertical wavenumber have been superimposed on the two-dimensional power spectrum shown previously in Fig. 12 . The three values of m correspond to vertical wavelengths of 4, 8, and 14 km. Observe that most of the power is found in waves with vertical wavelengths between 4 and 14 km. The strongest response is associated with waves having an 8-km vertical wavelength.
A weaker secondary maximum is evident at the 4-km vertical wavelength.
The dominance of the 8-km vertical wavelength response appears to be associated with wave forcing due
to latent heating and cooling in the tropospheric updrafts and rain shafts. The linear wave response to a tropospheric heat source has been described by several authors (Lin and Smith 1986; Salby and Garcia 1987; Bretherton 1988; Nicholls et al. 1991; Pandya et al. 1993 ). According to these earlier studies, the vertical structure of the linear wave response is determined by the vertical structure of the tropospheric heat source. The shape of the tropospheric heating profile in our squall line simulation is similar to the analytical profile chosen by Nicholls et al. ( 199 I, their Fig. 4) . The heating is largely confined below an altitude of 8 km. The shape is dominated by a half sine wave function with i 6-km vertical wavelength, with overtones of an 8-km wavelength scale also present. These can be visualized from the vertical velocity contours shown in Fig. 3 . The change in buoyancy frequency at the tropopause by a factor --2 (Fig. l b) suggests the vertical wavelength of the stratospheric response would be one-half that of the tropospheric forcing. This follows from ( 1 ) in the hydrostatic limit (m _ k) in the absence of shear. Thus, the 16-km and weaker 8-km forcings would correspond to stratospheric responses at vertical wavelengths of 8 km and 4 km, respectively, as observed in the spectrum in Fig. 13 .
The above simple relationship may be an oversimplification because there is significant shear in the troposphere and nonhydrostatic effects are important. Further modeling efforts are required to sort out whether these complicating factors affect the above forcingresponse vertical wavelength relationship. However, given that the N profile and tropospheric shear are fairly representative of characteristics found in nature, the dominant stratospheric response at a wavelength equal to the depth of the heating is the observable response. Observations of Larsen et al. (1982) and Sato (1993) support this connection between long vertical wavelengths and deep convective heating. The mechanical oscillator mechanism is also believed to be important in forcing stratospheric waves by deep convection (see FDH). The signature of this mechanism is strongly evident in the power spectrum in Fig. 13 as two prominent horizontal lines at specific frequencies spanning a wide range of horizontal wavenumbers.
This response appears to be related to the oscillation of peak vertical velocity in the central updraft and to the formation of new convective cells, shown in Fig. 14a . Peak vertical velocity in the core of the storm (WpEAK) is plotted as a function of time, as well as the altitude of the peak (ZpE^K). Lag correlations ( Fig. 14b ) of these time series show that both the altitude and amplitude of the peak updraft oscillate with a pronounced periodicity of -25-27 min. Cross correlation shows WpEAK leads ZPEAKby 2 min. The power spectrum of WpEAK (shown in Fig. 15 as the solid curve) displays dominant power at periods near 23-28 min and a secondary peak near 13 min. The time series in The perturbations tend to appear at low altitudes (_3 km) in the troposphere, then rise as they grow in amplitude and propagate rearward relative to the storm center. Their amplitudes fall sharply, however, before they reach peak altitude. Both time series later begin to track the next newly formed cell. The 2-min lag in the ZpE^K--Wr'EAK cross correlation shows that amplitude falls sharply before the next new largeamplitude cell forms at lower altitudes. The oscillations in ZPEAK suggest the average cell-formation period is 16 min, with a 23-min spacing most common and a 12-min period a close second.
Vertical velocity amplitudes, on the other hand, oscillate most prominently on the longer timescale. The spectrum of vertical velocity at single points in the upper troposphere (dotted curve in Fig. 15 ) shows many similarities to the stratospheric spectrum (Fig. 11 ) , except that the longer period waves are of a much lower amplitude in the stratosphere relative to the 12-13-min peak. A peak at 7.8 min also stands out above the noise in both the stratosphere and upper-troposphere spectra. These two peaks in the spectrum are associated with horizontal lines of high power in the 2D spectrum that are highlighted with dashed lines in Fig. 13 . This type of spectral response is what would be expected from the mechanical oscillator mechanism described in FDH. Mechanical pumping at a given frequency will generate waves at that characteristic frequency but with a range of wavelengths related to the spectral shape of the oscillator in the spatial dimension x and, hence, straight horizontal lines in Fig. 13 .
The high-frequency peaks in the stratosphere at 12.8 and 7.8 min correspond fairly well to the first and second harmonics of a fundamental oscillation with a period of [23] [24] [25] [26] min. This suggests that the prominent oscillation in WpEAK in the troposphere may be demonstrating this fundamental oscillation period, while the stratospheric waves demonstrate the response to this forcing. It may also be relevant that there are nonlinear resonances between a period of 12-13 min and periods in the 23-28-min range. A response at 7.7-8.8 min would also result from such interactions.
Further work on this subject, including comparisons to linear models, is necessary before any firm conclusions about these forcing mechanism details can be made. Some of the more energetic of the propagating cells in the trailing-cloud region may also be acting as secondary centers of this mechanical pumping mechanism. The broad response in k along these constant to lines should be related to the shape in x of the oscillator. The vertical velocity profile in x of the main updraft, w(x), has a Gaussian shape with a narrow half width of -7 km. The Fourier transform of a sharply peaked Gaussian is a broad Gaussian in wavenumber (k) centered at zero. A Gaussian fit to the power spectrum of the central updraft w(x) (not shown) gave a half width of --0.8 x 10 -4 Cy m t, which can explain the decrease in power at the high-k end of these constant w lines.
Some other process limits the response at the low-k end, which is not yet fully understood.
Both the response to the mechanical oscillator forcing and the response at the longest vertical wavelengths (_14 km)
seem to be limited to vertical group velocities less than 15-20 m s -_ . This limit in the spectrum may reflect the inability to clearly see these waves in the power spectrum if they are forced only sporadically, since a wave packet with that group velocity would traverse the entire stratospheric domain in only 15-20 min. The presence of these lines at constant to in the spectrum are a clear indication of the mechanical pumping mechanism active in forcing the stratospheric waves. The specific frequencies associated with each harmonic suggest prominent phase lines lie at precise angles from the vertical equal to 67°and 50°. The mechanical pumping mechanism forces only westward propagating waves, primarily because of the westward motion of the rising convective cells in the center of the storm (FDH). Future work will study the momentum deposition and mean flow forcing in the middle atmosphere of all the waves generated in the simulation for realistic mean wind profiles.
Conclusions
The squall line model has been shown to force a rich spectrum of vertically propagating gravity waves, The model has high enough resolution and a domain large enough to spectraily characterize the stratospheric waves. The spectral analysis of section 3 sufficiently characterizes the spectral properties of the waves to define their frequencies, wavenumbers, phase speeds, and group velocities. Figure 12 and the linear dispersion relation provides the information needed for future studies of their propagation in the interactions with realistic middle atmosphere wind profiles. The spectrum also points to specific forcing mechanisms active in the model, which are described in section 4. Each mechanism by its physical nature places natural limits on the spectral response.
Thus, identification of the specific spectral signature associated with each forcing mechanism points to its presence in the simulation, and the power in the spectrum matching each signature gives its relative importance to the total wave field.
Thedescription of thegravitywaveforcingin section4 isconsistent withtheresults ofthespectral analysis,withourknowledge of thebehavior ofthestorm, withsimulations by otherauthors, andwithobservationswhere theyexist.Theconclusions arestill fairly qualitative in nature, but providea guidefor future quantitative modeling with simpler linearmodels to demonstrate theforcing mechanisms inmore detail. Although theresults arespecific to thesquall linesimulationbeingstudied, wecanmakesome general statements regarding thespectrum ofvertically propagating waves generated by long-lived deep convection. Given theforcingmechanisms described in section 4,theresponse is largelygoverned by threeproperties of the storm: I j thedepth of thediabatic heating layer, 2) the oscillation frequency of themainupdraft, and3) the stormpropagation speed. Thedepthof the heating largelydetermines the verticalwavenumber of the wave response. Theoscillation frequency ofthecentral updraft of thestorm determines theintrinsic frequenciesof wavesforcedvia the mechanical pumping mechanism. Thengroundrelativefrequencies and phase speeds followfromtheabove properties andthe speed of thestormviatheDoppler relationship. Such a description of thewavefieldin terms of these fundamental properties provides a firststeptowarda parameterization of wavesforcedin deepconvection, thoughtherearestill manyquestions left to be answered.
First,thereareobvious limitsin frequency and/or horizontal wavenumber evident inFig.13thatarenot welldetermined bytheforcingmechanisms outlined in section 4. Whatprovides thelow-klimit for waves forcedviathemechanical pumping mechanism? How will other buoyancy frequency andwindprofiles modify the verticalwavelength response in the stratosphere? Whatprovides thehigh-o; limit tothestratospheric response atthelongest vertical wavelengths _._ 14km?Comparison of thenonlinear stormmodel withidealized linear models oftheforcingmechanisms mayilluminate some ofthese limitsandwill alsoprovideanevaluation ofanynonlinear forcingeffects on thestratospheric wavespectrum. Thefrequency of oscillationof the tropospheric updraft determines the spectral properties of waves forcedbythemechanical pumping mechanism. Inthisstorm simulation oneparticular frequency dominates; however, themeteorologicalconditions determining thisfrequency arenotwell understood (Fovell andOgura 1989), noristhere much constraining observational evidence. Observed cases of multicell storms suggest newcellformation occurs at periods of roughly 5-30min.
The rather regular tropospheric oscillations in the mature stormin oursimulation maynotberepresentativeof suchstorms in nature. In fact,wefind the simulations canbequitesensitive tothemodel conditions, suchthatthesteady oscillations arereplaced by morechaotic behavior, in general agreement withthe conclusions of Foveli andDailey (1995) .Thestatisticallysteady case wehave examined herelends itself to identification of thespectral response to theactive forcingmechanisms in the model.Presumably, the same forcing mechanisms areactive in themore chaotic cases; however, interpretation of thespectrum cannot bemade soclearly. Examination of abroader range of storm conditions andresponses, however, mayprovide a moregeneral pictureof the characteristics of the stratospheric waves produced in a statistical sense. Futureworkmust alsoinclude modeling of tropical convection cases andextensions tothree dimensions totest therobustness andgenerality oftheconclusions.
Observational verification of thenature of waves associated with convection is alsoneeded. Several observable characteristics of theconvectively generated waves havebeenoutlined here, whichmayserveas signatures of theirorigin.Verification by observation wouldprovide a test of some of thepredictions of the waveproperties described here. Specifically, theprevalenceof long verticalwavelengths approximately equal tothedepth of theheating (Figs.9 and13) is a prominent feature of thewavesin themodel. These longer wavelengths areoftenunresolved orfiltered out in observational analyses. TheAericiboradar observations ofwave motions above deep convective clouds in Larsen etal.(1982) areingoodagreement withour model results. Theasymmetry in themomentum flux ahead of versus behind thestorm (Fig.8) is another prominent feature of thestratospheric waves thatmay be observable by ground-based radarsystems or in high-flying-aircraft winddata. Finally,thenearlystationarywave(in storm-relative coordinates) observed intheupper troposphere (Figs. 5-7 
